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Identification of Image-Potential Surface States on Metals
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Rydberg-like surface states are identified at Au(100) and Cu(100) surfaces by use of in-
verse photoemission with tunable photon energy. The binding energy (0.6 eV below vacu-
um) and width ( =< 0.3 eV full width at half maximum) of the n = 1 state agree well with pre-
vious calculations. Theory yields the expectation that these states represent a widespread

phenomenon at surfaces.

PACS numbers: 73.20.Cw, 79.20.Kz, 79.60.Cn

Surface states in the band gaps of free-electron-
like s,p bands are common to many surfaces.
Predicted already in 1939 by Shockley,! such states
have been observed in photoemission from a wide
class of metal surfaces.”® A very special case arises
when such states are located in a gap which contains
the vacuum level. Then the effective potential for
a surface electron can be greatly simplified into an
image-charge potential combined with a repulsive
barrier at the surface’’ (see Fig. 1). There exists a
Rydberg-type series of bound states in this potential
with energies E,= — (1 Ry)/[16(n+a)?] converg-
ing towards the vacuum energy whereby the quan-
tum defect a ranges from — % to + % Echenique
and Pendry’ calculated @ =0.21 in a realistic case.
For finite momentum parallel to the surface (k")
one has to add the kinetic energy (#k")?/2m. The
striking features of these image-potential surface
states are their simplicity and widespread oc-
currence. They are expected not only for metals
with s,p band gaps but also for many insulators
where the conduction-band minimum lies above
the vacuum level such as in many molecular solids
and liquids.” Applications include trapping of elec-
trons on the surface of quantum fluids.”

Image-potential states are difficult to access with
conventional surface-state probes such as photo-
emission and secondary-electron spectroscopy be-
cause the electrons are bound outside the escape
cone [given by k" < (2mE)Y?] and cannot leave
the surface. Indirect evidence has been collected
from the observation of resonances in the emission
of elastic and inelastic electrons.'®'* These reso-
nances occur just below the threshold for the emer-
gence of new diffracted beams. They have been ex-
plained by a resonance coupling between bound
image-potential states and propagating diffraction
beams,> % but later on interference effects have
been proposed as an alternative interpretation.!> 14
However, interference effects can be excluded by
direct observation of the lowest image-potential
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state which lies below the vacuum level and which,
therefore, cannot interfere with the continuum. In-
verse photoemission (or bremsstrahlung spectros-
copy)'® is an ideal technique for probing bound
states directly by measuring their energy and
momentum via the energy and momentum of an
incident electron and the energy of the emitted
photon. It has been recognized!® 17 that a shoulder
located just below the vacuum level (E,,.) in in-
verse photoemission spectra from Ni(100) and
Cu(100) could be a candidate for an unresolved
Rydberg series of image-potential states. However,
this conclusion was not definitive because an
energy-loss satellite could provide an equally con-
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FIG. 1. Model potential diagram fot image-potential
surface states on Cu(100). The wave function of an elec-
tron trapped in its image potential cannot penetrate into
the solid, since there is a band gap of bulk states between
X4and X,
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vincing explanation.'®

We are able to resolve the n =1 image-potential
state using a high-resolution spectrometer. The ex-
planation as an energy-loss satellite can be ruled out
because of the sharpness of the line. By tuning the
photon energy Av at fixed k" the two-dimensional
character of the surface state is demonstrated:
Three-dimensional bulk states are seen to disperse
with hv (because k' changes) as opposed to the
image-potential state which remains stationary. The
energy positions and width calculated by Echenique
and Pendry?® for the n =1 state agree with our data
within our measurement accuracy.

The experiment was performed with a new in-
verse photoemission spectrometer (see Ref. 15)
which contains a fast monochromator (f/4 grating
with simultaneous detection of all photon energies
from 8 to 28 eV) and a BaO electron source in a
Pierce geometry. The energy and momentum reso-
lution was mainly limited by the thoermal spread of
the electrons (= 0.25 eV and 0.1 A~ !, respective-
ly). For each spectrum the electron energy was
kept fixed and the spectrum of bremsstrahlung pho-
tons recorded. Cu(100) and Au(100) crystals were
electropolished, sputter-annealed in a preparation
chamber containing low-energy electron diffraction
(LEED), and transferred in vacuo into the spec-
trometer with a working pressure in the 10~ '-Torr
range.

Figure 2 shows spectra at k" =0 for Cu(100)-
1x1 and Au(100)-5x20. Bulk states extend up to
about 2 eV above the Fermi level where a break in
the curves indicates the location of the uppermost
bulk states (i.e., the X point). In the gap above X
a well resolved peak is seen at 0.6 eV below the vac-
uum level'® for both surfaces which we assign to
the n =1 member of a Rydberg series of image-
potential states. The width of these peaks [0.3 eV
full width at half maximum (FWHM)] is very close
to our resolution limit. The work-function differ-
ence of 0.6 eV between the two surfaces allows us
to show that the surface states are referenced to the
vacuum level (and not to Er or X} or other points
of the band structure). Therefore, these surface
states do not represent a material-specific property
(like all occupied surface states observed in photo-
emission) but rather the universal nature of the im-
age potential. The Au(100)-5x% 20 surface provides
a further clue in this direction because it has a sur-
face geometry totally different from the 1x1 sur-
face, consisting of a rippled (111) layer in near
registry with the (100) substrate. Further work
searching for possible small effects of the surface
geometry on the n =1 image-potential state is in
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FIG. 2. Bremsstrahlung spectra for electrons incident
normal to the surface (k"=0). Sharp peaks at 0.6 eV
below the vacuum level are assigned to the » =1 image-
potential state. The theory curves were constructed with
use of the positions and widths calculated by Echenique
and Pendry (Ref. 9).

progress.

Our observations match theoretical predictions of
these states quite well. The curves above the data
in Fig. 2 represent the calculation positions and
widths of the n =1 to n =15 Rydberg states from
Ref. 9. The n =1 state is well separated from the
rest of the series and from the continuum states.
The latter are bunched up in a weak structure ob-
served around E,,.. The calculated position of the
n =1 state (0.58 eV below E,.) agrees with the ob-
served values (0.64 eV for Cu and 0.63 eV for Au)
within the accuracy of the measurement which is
limited by the work-function determination.'® The
calculated width (0.32 eV FWHM) is very close to
the observed width (0.3 eV FWHM) but subtract-
ing out the instrumental resolution suggests that
these states could be substantially narrower. This,
again, shows that the surface states are decoupled
from the crystal wave functions. Otherwise, a life-
time broadening of typically 1 eV would be expect-
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FIG. 3. Electron energy dependence of bremsstrahlung
spectra at k"=0. The image-potential state is stationary
because of its two-dimensional character. Three-
dimensional bulk states disperse upwards through Ef at
low electron energies.

ed due to electron-hole pair creation.!? The calcula-
tion® shows that the widths of higher Rydberg states
decrease such that many more states might be
resolved given improved instrumentation.

Figure 3 demonstrates the two-dimensional char-
acter of the surface states. By tuning the energy of
the incident electrons, we change the momentum
perpendicular to the surface (k*). This should not
affect the position of a two-dimensional state as
long as k" is fixed. Indeed, we cbserve no change
except for a broadening at higher electron energies
due to decreasing resolution for the photons. Bulk
states are strongly affected by a change of the elec-
tron energy. For Cu(100) and k" =0 we are sam-
pling bulk states along the I'AX line in k space (for
the energy bands of Cu see Ref. 19). At electron
energies less than 10.5 eV above Ef, direct inter-
band transitions become possible from the AX,
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band down to the A; X, band. These can be seen as
a dramatic enhancement in the intensity of the bulk
states. These states are much broader (1-2 eV
FWHM) than the observed surface state as a result
of combined initial- and final-state lifetime
broadening (compare Ref. 19). Therefore, we can
rule out the alternative explanation'® of the surface
state as an energy-loss replica of the bulk states.
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